Micro lipid droplets fuse with each other in vivo to form larger precursors of milk lipid globules. The extent of fusion dictates the size range of lipid globules in milk. A cell-free system in which micro lipid droplet fusion can be induced has been developed. Fusion was promoted by calcium and a protein complex from cytosol. Exogenously supplied gangliosides were potent fusion-promoting agents. Endogenous gangliosides were detected on micro lipid droplet surfaces by immunocytochemical localization. Monoclonal antibody to disialyllactosylceramide (GD3) inhibited micro lipid droplet fusion. These observations are suggestive of a role for gangliosides in micro lipid droplet fusion in situ.
Milk lipids, 95% or more of which are triacylglycerols, exist as globules consisting of a lipid core surrounded by a membrane derived from apical plasma membrane of mammary epithelial cells (for reviews, see refs. 1 and 2). This membrane maintains milk lipids in a dispersed state and prevents coalescence of lipid into an oil layer. Packaging and secretion of these lipids occurs by a process which may be specific to the mammary gland. Teleologically, one can argue that the selective force for this packaging and secretion mechanism was a nutritional advantage to the offspring, but convincing proof that this is the case has not been adduced (3, 4) . In milk of cows, lipid globules range in diameter from <0.5 ,um to >15 gm. Globules <1 Am by far are most numerous, but globules in the range of 1-4 gm in diameter account for 90% or more of the volume of milk lipid (4) . Very small globules do account for a large proportion of the total surface area of lipid globules, a parameter which affects nutritional and processing characteristics of milk lipids. Between species there is a large variation in fat content of milks, ranging from <1% to 50o by weight, and there appears to be species and breed differences in size distribution of milk lipid globules (3, 4) .
The biological factors that control size distribution of milk lipid globules are unknown. Identification and isolation of early intracellular precursors of milk lipid globules have made it possible to study growth or maturation of these precursors into milk lipid globules (5) . These precursors, termed micro lipid droplets, are structures of <0.5 ,um in diameter which bud or bleb from endoplasmic reticulum. They are composed of a triacylglycerol-rich core surrounded by a nonbilayer protein and polar lipid coat. Observations suggest that micro lipid droplets (i) may be secreted from cells directly as the very small milk lipid globules, (ii) may fuse with each other to form larger droplets known as cytoplasmic lipid droplets, and (iii) may fuse with cytoplasmic lipid droplets to provide materials for growth of these precursors of larger milk lipid globules (6) . The division between direct secretion and fusion and the magnitude and rate of fusion would control size distribution of milk lipid globules. The surface coat on microlipid and cytoplasmic lipid droplets prevents coalescence of lipids within cells, yet this coat must permit fusions between droplets. We have developed a cell-free system in which micro lipid droplet fusion can be induced and monitored and have found that calcium, a protein complex from cytosol, and gangliosides promote fusion.
MATERIALS AND METHODS
Materials. Micro lipid droplets were isolated from homogenates of inguinal mammary glands from primiparous Sprague-Dawley rats sacrificed between the 7th and 14th days of lactation (5) . In one instance, micro lipid droplets were obtained from mammary tissue from a lactating Holstein cow. Dunkin-Hartley guinea pigs were from Hazelton Laboratories (Danvers, PA). Octadecyl rhodamine B, chloride salt, was from Molecular Probes (Junction City, OR). Monoclonal antibody MG21 was a gift of K. E. Hellstrom, (Oncogen, Seattle, WA). Protein A-5-nm gold conjugate was from Janssen Pharmaceutica (Beerse, Belgium). New England Nuclear supplied [1,2,3-3H]glycerol (33.7 Ci/mmol; 1 Ci = 37 GBq) and Amersham supplied L-[4,5-3H]leucine. Gangliosides were isolated from tissue sources as described (7, 8) and were dispersed in buffer for addition to fusion assay mixtures. Soybean trypsin inhibitor and the immobilized proteases trypsin and Pronase were from Sigma.
Micro Lipid Droplet Labeling and the Fusion Assay. Fusion assays were based on a method developed by Hoekstra et al. (9) to monitor fusion of liposomes. Micro lipid droplets were labeled by addition of 10 jul of octadecyl rhodamine B chloride solution (4.3 mM in ethanol) to 1 ml of droplet suspension in 50 mM Tris HC1 (pH 7.5). After 1 hr at 220C, unincorporated octadecyl rhodamine was removed by gel filtration through a 1 x 25 cm Sephadex G-75 column with 50 mM Tris-HC1 (pH 7.5).
To assay fusion, fluorophore-labeled and unlabeled micro lipid droplets were mixed in a ratio of 1 protease treatment, incubation was for 1 hr at 22°C, and immobilized proteases were removed by centrifugation. A fusion-promoting fraction was isolated from cytosol by fractionation in a 2.5 x 70 cm column of Sephacryl S-200 with 50 mM Tris HCl (pH 7.5). Fusion-promoting activity was recovered in the ascending portion of the first protein peak eluted from the column. The active fraction was concentrated by ultrafiltration over a membrane with a 10-kDa cutoff and stored at -70°C. To prepare antibodies against this fraction, a guinea pig was injected i.m. and i.p. with 500 ,g of protein in Freund's complete adjuvant and was given a booster injection 2 weeks later with 200 ,ug of protein in Freund's incomplete adjuvant. A crude IgG fraction from serum collected 10 days after the booster injection was prepared by ammonium sulfate precipitation and dialysis. Cytosol to which this IgG fraction was added was incubated at 4°C for 1 hr prior to inclusion in fusion assay mixtures.
Electron Microscopy. Drops of fusion assay mixtures were placed onto carbon-coated grids, blotted, and negatively stained with neutralized potassium phosphotungstate. For localization of antigen recognized by MB21 monoclonal antibody, ultrathin sections of glutaraldehyde-fixed tissue or isolated micro lipid droplet preparations embedded in Lowicryl K4M were incubated with antibody and then with protein A-gold conjugates as described (6) . Preparations were examined and photographed with a Zeiss model EM1OCA electron microscope.
RESULTS
Micro Lipid Droplet Fusion in Vitro. Micro lipid droplets isolated as described have little or no enzymatic activity associated with markers for the plasma membrane, the Golgi apparatus, the endoplasmic reticulum, mitochondria, or lysosomes (5) . On electron microscopic examination of thin sections of glutaraldehyde-and osmium tetroxide-fixed micro lipid droplet preparations, the isolated fractions were observed to consist nearly entirely of micro lipid droplets and associated surface-coat materials (5). Contaminating membranes were not observed in these preparations.
When fluorophore-labeled and unlabeled micro lipid droplets were mixed and incubated in buffer alone, there was a 2-3% increase in fluorescence over 30 min. This increase, presumed to be due to fusion, was subtracted as background from all experimental manipulations reported. Upon addition of agents which promoted fusion, there was a rapid initial rate of fluorescence increase over the first 2-5 min. After this initial rapid phase, fluorescence increased at a slower and nearly constant rate over the remainder of the 30-min incubation (Fig. 1) .
Fusion-Promoting Factors. Addition of calcium, from 10
,um to 5 mM, promoted fusion; at the near optimum concentration of 2.5 mM, calcium stimulated fusion by -15% (Table  1) . Magnesium was -60% as effective as calcium in stimulating fusion. Manganese, copper, ferrous and ferric iron, and zinc did not promote fusion (data not shown). With calcium, maximum fusion occurred between pH 7.2 and 7.5. Addition of cytosol enhanced fusion -14% (Table 2) . Pretreatment of cytosol with Chelex, a chelator of cations, decreased fusogenic activity to -7% ( Table 2) . Addition of calcium to chelator-treated cytosol restored fusogenic activity to above pretreatment levels. Preincubation of cytosol with trypsin or Pronase decreased fusion enhancement activity, but fusogenic activity was protected when trypsin inhibitor was added with trypsin. Preincubation of cytosol at 37°C for 1 hr without exogenous proteases also reduced activity. Addition ofphenylmethylsulfonyl fluoride (2 mM) or pepstatin (0.1 mg/ml), but not EDTA (10 mM) or aprotinin (0.1 mg/ml), protected against loss of fusion-stimulating activity of cytosol during preincubation (data not shown).
On gel permeation chromatographic separation, the nondiffusible fusogenic activity of cytosol was recovered largely in a fraction with an estimated molecular mass of 200 kDa. This fraction increased fusion 33% above background when added at 20 ,ug/ml (Table 2 ). Upon separation in NaDodSO4/ polyacrylamide gels under reducing conditions, this high Assays and data expression were as in Table 1 . Cytosol was preincubated with antibody to Sephacryl fraction for 1 hr at 4°C before addition to the reaction mixture. Preincubation with IgG from preimmune serum was without effect on fusion. molecular mass fraction was found to be comprised largely of four polypeptides with molecular masses in the 15-to 20-kDa range. Guinea pig antiserum to this fraction reduced micro lipid droplet fusion-promotion activity ofcytosol from 14% to 4-5% above background ( Table 2) . By Western blot analysis of an immunoblot, this antiserum recognized and bound to three polypeptides in this fraction. Addition of preimmune serum, bovine serum albumin, or ovalbumin did not diminish fusogenic activity of cytosol. Homopolymers of arginine and lysine, but not histidine, promoted micro lipid droplet fusion to nearly the same extent as the high molecular mass fraction from cytosol (Table 2) .
Gangliosides and Fusion. Addition of a buffer dispersion of brain gangliosides (50 nmol of sialic acid) to the incubation mixture stimulated a 42% increase in fusion (Table 3) . Addition of individual mono-or disialogangliosides also enhanced fusion, but not to the same extent as mixed brain gangliosides. A murine monoclonal antibody to the ganglioside disialyllactosylceramide (GD3) (10), the major ganglioside of cow's milk and mammary gland (11), has been characterized. Since GD3 is not the major ganglioside of rat mammary gland, the following experiments were done with cow micro lipid droplets. Micro lipid droplets from cow mammary gland fused and responded to calcium and cytosol as did those from rat. Anti-GD3 completely abolished fusion of micro lipid droplets from cow when preincubated with droplets cooled on ice before initiation of fusion or when Table 1 . Larger droplets formed during incubation were separated by flotation through 0.5 M sucrose. Lipids were extracted and radioactivities ofprotein and lipid were determined (6) . Results are means ± SD of three experiments. added to buffer before addition of droplets in the basic fusion system (Table 3) .
Glycosphingolipids have been detected in cytoplasmic lipid droplets from cow mammary gland (6, 11) . In this study we found micro lipid and cytoplasmic lipid droplets from rat mammary gland to have -0.3 and 2 nmol of ganglioside sialic acid per mg of protein, respectively. These amounts are lower than amounts of gangliosides present in plasma membrane and apical plasma membrane-derived milk lipid globule membrane (11), but they are higher than the amounts which can be accounted for by the small amounts of membranous contaminants present in preparations of lipid droplets (5, 6 TLC separation revealed nearly identical patterns of gangliosides in cytoplasmic and micro lipid droplet preparations; the major constituent migrated with GM3 and lesser constituents migrated with GM2, GM1, and GD3. Constituents migrating with authentic glucosyl-and lactosylceramides were detected in neutral glycosphingolipid' fractions from rat micro and cytoplasmic lipid droplets (data not shown).
That antigen recognized by monoclonal antibody to GD3 was present on micro and cytoplasmic lipid droplets was demonstrated by ultrastructural localization of protein Agold conjugates on thin sections of Lowicryl-embedded preparations from cow mammary gland. Sections incubated with antibody prior to incubation with protein A-gold had gold particles in patches over the edges and surfaces of micro and cytoplasmic lipid droplets (Fig. 2) . Background was low over areas of sections not occupied by lipid droplet materials. Few gold particles were observed on sections which were incubated without antibody or which were incubated with murine imonoclonal antibody to rat milk a-lactalbumin (12) .
Gold particles also decorated cytoplasmic lipid droplets in situ in sections of cow mammary tissue incubated with anti-GD3 (Fig. 2) . Antibody also bound to structures in situ which were in the size range of micro lipid droplets and were concentrated in cell regions with abundant endoplasmic reticulum. However, without use of osmium tetroxide, which would abolish antigenic reactivity, these structures could not be identified positively as micro lipid droplets.
Fusion Increases Fluorescence. Fluorescence increases observed were presumed to be due to dilution of octadecyl rhodamine B by fusion between fluorophore-labeled and unlabeled droplets. However, increases in fluorescence intensity also could have been due to disruption of micro lipid droplets and subsequent separation of content lipid from the coat material. If the fluorophore partitioned into content lipids, coalescence of lipid material from disrupted droplets would dilute fluorophore and increase fluorescence. To determine if fusion or disruption occurred, two types of control experiments were performed. In one approach, micro FIG. 4 . Electron micrograph of micro lipid droplets fixed during apparent fusion. Fusion was promoted by addition of calcium. Plate-like coat material, primarily composed of proteins and polar lipids, was observed over the entire surface of the three droplets and the necks which connect the droplets together into an apparent fusiform figure. (Stain, phosphotungstate; x 120,000.) These glycosphingolipids generally have been assumed to be localized primarily in plasma membrane, but evidence suggests that they are endogenous constituents ofendoplasmic reticulum as well (19) . Thus, gangliosides could enter micro lipid droplets during their formation and blebbing from endoplasmic reticulum. Alternatively, glycolipid transfer proteins (20) may convey these constituents to micro lipid droplets. However they arrive there, our results suggest a functional role for gangliosides within cells quite apart from their roles as receptors or biotransducers at the cell surface (21) .
